A series of four novel Tröger's base (TB) derived Polyimides of Intrinsic Microporosity 
INTRODUCTION
Polymer-based gas separation membranes are of increasing industrial importance.
Presently, membranes fabricated from a range of different polymers, including polyimides, are utilized in applications such as O 2 or N 2 enrichment from air, natural gas purification and hydrogen recovery.
1 A desirable polymer for such applications requires both high permeability and high selectivity. However, for each gas pair to be separated (X and Y) there is a well-established inverse relationship between permeability (P x ) and selectivity (α = P x /P y ), which was defined by Robeson, 2 and then rationalized by Freeman's theoretical analysis. 3 Hence there is a challenge to design polymers with permeability behaviour that surpass the current Robeson's upper bounds for important gas pairs, based on the state of the art performance of polymers in 2008, and therefore have potential for membrane materials.
Higher gas permeability can be achieved by increasing the inter-chain separation and hence, the polymer's free volume whereas selectivity can be improved by enhancing polymer rigidity. 3 In 2004, a new class of materials termed polymers of intrinsic microporosity (PIMs) was introduced. 4 PIMs possess high free volume due to their contorted and rigid structures and provide not only excellent gas permeability but also moderate selectivities.
PIs often demonstrate high gas selectivity but at the cost of low permeability. 9 However, this obstacle has been overcome by application of the concept of intrinsic microporosity to their structural design to give PIM-PIs with high gas permeabilities. 10 11 More recently, a PIM-PI (PIM-EA-PI) derived from a dianhydride based on the bridged bicyclic ethanoanthracene demonstrated enhanced gas separation performance. 12 Notable recent work by Pinnau et al.
has also shown similar performance using a novel spirobifluorene-based dianhydride (SBFDA). 13 In addition, exceptional performance was demonstrated from polyimides (e.g.
KAUST-PI-1) derived from a 9,10-di-iso-propyl-triptycene-based dianhydride, with data that lie well above the 2008 Robeson upper bounds for several important gas pairs.
7a, 14
PIM-PI development has focused predominantly on the synthesis of suitable dianhydride monomers, whereas the preparation of novel diamines has received less attention. One attractive component for elaboration is the rigid V-shaped bridged bicyclic unit with the formal name of 2, 8-dimethyl-6H,12H-5,11-methanodibenzo[b,f] [1,5]diazocine but more commonly known as Tröger's base (TB). In recent years TB has been incorporated within PIMs to provide enhanced performance. 5, 6, 15 Wang et al. incorporated the TB structure into the polyimides (e.g. TBAD2-6FDA; Figure 1 ) using TB-based diamine monomers. 16 It was found that by using a TB component with a single methyl group ortho to the imide linking group produced polyimides (e.g. TBDA2-6FDA 16b ; Figure 1 ) with significant microporosity and high gas permeability. In an alternative approach to give similar polyimides (e.g. PI-TB-1; Figure 1 ), Guiver et al. 17 used a polymerization reaction involving the formation of the TB unit as the polymerization reaction.
It was anticipated that additional reduction of conformational freedom about the imide linkages, by the introduction of a second methyl substituent adjacent to the two amino groups on the TB monomer, would further enhance gas separation performance. Here we report the efficient synthesis of the TB monomer (4MTBDA) with the desired methyl substitution and the gas permeability data for a series of PIM-PIs prepared from this novel monomer. 4, 137.6, 132.4, 129.4, 128.6, 127.6, 127.0, 21.4, 18.6 3, 144.6, 139.4, 138.8, 137.3, 130.1, 127.2, 123.7, 21.8, 19.3 
N-(4-amino-2,6-dimethylphenyl)-4-methylbenzenesulfonamide (M3). Under a nitrogen
atmosphere, N- (2,6-dimethyl-4-nitrophenyl)-4-methylbenzenesulfonamide (7.10 g, 22. 2 mmol) was dissolved in dry tetrahydrofuran (150 mL). Raney nickel (~ 40 mg) and hydrazine monohydrate (5.55 g, 110.8 mmol, 5 eq.) was added and the mixture was refluxed for 24 h.
The colourless mixture was cooled in ice and filtered under nitrogen. The organic phase was extracted with diethyl ether and the solvent was removed under vacuum at 25 ºC to afford the 2, 8-di-(4-methylbenzenesulfonamido)-1,3,7,9-tetramethyl-6H,12H-5,11-methanodibenzo[b,f] 4, 143.5, 137.7, 136.3, 136.0, 129.5, 128.2, 127.0, 124.6, 124.5, 65.3, 57.4, 21.5, 18.4, 14. 2, 8-diamino-1,3,7,9-tetramethyl-6H,12H-5,11-methanodibenzo[b,f] ,5] diazocine (3.0 g, 9.4 mmol) was dissolved in concentrated sulphuric acid (15 mL) and heated at 50 ºC for 3 h. The reaction mixture was poured slowly into ice water and ammonia solution was added dropwise until a value of pH 8 was observed The precipitate was extracted with dichloromethane and the solvent was removed under reduced pressure. The resulting solid was purified via re-precipitation from dichloromethane with nhexane to yield 2, 8-diamino-1,3,7,9-tetramethyl-6H,12H-5,11-methanodibenzo[b,f] 
General Procedure A. Polyimide Synthesis (via ester-acid precursor). Under a nitrogen
atmosphere, the bis-anhydride was dissolved in ethanol in a two-necked flask equipped with Dean-Stark apparatus and reflux condenser. Triethylamine was injected and the mixture was refluxed for 1 h. The sidearm was opened to remove the solvent under a stream of nitrogen to give a highly viscous solution. The trap was filled with toluene before a solution of the diamine in NMP:toluene (4:1 mixture) was added and the reaction was heated at 80 ºC for 1 h. The reaction mixture was gradually heated to 200 ºC and maintained at this temperature until the desired viscosity was achieved. The mixture was cooled to room temperature and diluted with chloroform. The mixture was poured into ethanol to precipitate a solid. The solid was collected by filtration, washed with ethanol until the washings were clear. The resulting powder was dissolved in chloroform and methanol was added dropwise until the solution became turbid. The solution was stirred for a further 30 min to precipitate a gel. The reprecipitation from chloroform was repeated twice. The polymer was dissolved in chloroform and added drop-wise to n-hexane with vigorous stirring and the precipitated fine powder was filtered. The powder was refluxed in methanol for 24 h, filtered and then dried in a vacuum oven at 120 °C for 9 h to afford the desired polymer.
4MTBDA-6FDA. General procedure A was followed using 2, 8-diamino-1,3,7,9-tetramethyl-6H,12H-5,11-methanodibenzo[b,f] 0, 166.7, 150.0, 139.6, 136.4, 135.9, 134.8, 133.3, 132.9, 125.6, 124.7, 65.7, 57.7, 18.8, 13.9 ; GPC (Chloroform): M n = 18,800, M w = 54,000; BET surface area = 584 m 2 /g; total pore volume = 0.72 cm 3 /g at (P/P o = 0.98); TGA analysis: Initial weight loss due to thermal degradation commences at ~ 457 °C.
4MTBDA-PMDA. General procedure A was followed using 2, 8-diamino-1,3,7,9- 4, 165.1, 149.6, 137.3, 135.3, 134.2, 125.1, 124.9, 119.6, 57.3, 31.9, 29.7, 29.4, 22.7, 18.2, 14.1, 13.3; GPC (Chloroform) : M n = 26,500, M w = 43,500; BET surface area = 651 m 2 /g; total pore volume = 0.57 cm 3 /g at (P/P o = 0.98); TGA analysis: Initial weight loss due to thermal degradation commences at ~ 461 °C.
4MTBDA-SBIDA. General procedure A was followed using 2, 8-diamino-1,3,7,9-tetramethyl-6H,12H-5,11-methanodibenzo[b,f] [1,5]diazocine (0.5925 g, 1.92 mmol), bisanhydride of 3,3,3',3'-tetramethyl-6,6',7,7 '-tetracarboxy-1,1'-spirobisindane (0.8000 g, 167.7, 160.1, 157.1, 149.7, 132.4, 126.0, 125.5, 59.2, 58.4, 57.7, 44.8, 32.0, 30.2, 18.8, 18.6, 13.9, 13.7 ; GPC (Chloroform): M n = 31,700, M w = 70,700; BET surface area = 733 m 2 /g; total pore volume = 0.71 cm 3 /g at (P/P o = 0.98); TGA analysis: Initial weight loss due to thermal degradation commences at ~ 488 °C.
4MTBDA-SBFDA. General procedure A was followed using 2, 8-diamino-1,3,7,9- 8, 152.7, 149.7, 135.9, 134.8, 130.7, 125.9, 125.3, 117.1, 57.4, 44.6, 35.2, 19.2, 18.5, 13.6 ; GPC (Chloroform): M n = 25800, M w = 57600 BET surface area = 739 m 2 /g; total pore volume = 0.54 cm 3 /g at (P/P o = 0.98); TGA analysis: Initial weight loss due to thermal degradation commences at ~ 486 °C.
Film preparation and gas permeation measurements. Films were prepared by slow evaporation (in ambient conditions, typically over 96 hours) of a 2.5-3% (w/w) solution of the polymer into chloroform. The reported data refer to membranes after a soaking in methanol. This treatment was carried out to cancel the history of the sample and to remove traces of the solvent used for preparation. Each membrane sample was put in methanol and left there overnight. The successive day it was removed from the alcohol and put between two porous glass disks, left to dry at room conditions overnight. The permeation tests were carried out the subsequent day. Single gas permeation measurements were carried out in a fixed volume/pressure increase apparatus at 25 °C using the time-lag method and at a feed pressure of 1 bar, as described elsewhere. 20 The gas diffusivity and solubility data for each polymer was indirectly obtained assuming the solution-diffusion model for the gas permeation (Table 2 ). Samples were aged under ambient conditions.
RESULTS AND DISCUSSION
Synthesis. The synthetic route used to prepare monomer 4MTBDA, starting from commercially available 2,6-dimethylaniline, is presented in Scheme 1. Overall the route proved efficient with the key TB-forming reaction to produce the tosyl-protected monomer being achieved in near-quantitative yield. Due to its greater stability, it proved convenient to store the monomer in its protected state and perform the removal of the tosyl groups immediately prior to polymerization. diphthalic anhydride (6FDA), pyromellitic dianhydride (PMDA), spirobisindane-based dianhydride (SBIDA) 11 and spirobifluorene-based dianhydride (SBFDA).
13
Physical characterization. All four PIs proved readily soluble in chloroform, which enabled characterization by NMR spectroscopy and gel permeation chromatography (GPC), the latter of which indicated molecular weights (M w ) for the four polyimides in the range of 43-71 × 10 3 g mol -1 . As a result, robust films for each PI were cast from chloroform, which allowed gas permeability measurements to be carried out. Nitrogen adsorption isotherms for the TB-based polyimides were obtained at 77 K and each showed significant uptake at low relative pressures (p/p 0 < 0.05) indicative of intrinsic microporosity (SI). Apparent BET surface areas calculated from these data were in the range 584-739 m 2 g -1 . Table 1 . Physical characterization of PIM-PI-TBs.
The polymers also display excellent thermal stability with decomposition temperatures up to around 490 °C measured by thermogravimetric analysis (TGA). A summary of the physical properties of these PIM-PIs is shown in Table 1 . Nitrogen adsorption isotherms and Gel Permeation Chromatography (GPC) traces are presented in Figure S2 . An enhancement of microporosity is indicated by an apparent BET surface area of 584 m 2 g -1 for 4MTBDA-6FDA as compared to 544 m 2 g -1 for PI-TB-1 17 and 325 m 2 g -1 for TBDA2-6FDA 16b ( Figure   1 ), demonstrating the effect due to the two methyl groups adjacent to the C-N bond of the imide linking group restricting rotation. b) Estimated pore size distribution obtained from CO 2 isotherms using the Horváth-Kawazoe (HK) method assuming carbon slit-pore geometry CO 2 adsorption at 273 K was also performed on the polymers, both to test the gas uptake ( Figure 3a) and to perform evaluation of micropore size distribution (PSD). All polyimides demonstrate significant uptake of CO 2 (2-3 mmol g -1 ), in the order 4MTBDA-SBIDA ~ 4MTBDA-PMDA > 4MTBDA-SBFDA > 4MTBDA-6FDA, showing the presence of ultramicropores (<0.7 nm). Horváth-Kawazoe analysis (Figure 3b) indicates that 4MTBDA-PMDA has a particularly narrow and well-defined micropore structure, which is desirable for gas separation (see below).
Gas permeability.
Films suitable for gas permeation measurements were successfully prepared for all polyimides. It is of interest to assess the relative gas permeability performance of 4MTBPA-6FDA versus that of the isomeric TB monomer-based PIs PI-TB-1 17 and similar TBDA2-6FDA 16b (Figure 1 ). In addition, very few diamines have been used as monomers for the synthesis of PIM-PIs or high free volume PIs with the commercially available 3,3'-dimethylnaphthidine (DMN), 2,3,5,6-tetramethyl-1,4-phenyldiamine (4MPDA) and 2,3,6-trimethyl-1,3-diamine being employed most often (Figure 2) . Therefore, it is of value to compare the performance of the four novel PIs derived from diamine 4MTBDA related to previously reported PIs based on the same bisanhydride monomers but made using these three commercial diamines (e.g. DMN-SBFDA; 4MPDA-6FDA; 3MPDA-PMDA; 4MPDA-SBIDA (PIM-PIM-9) and DMN-SBIDA (PIM-PI-10). Direct comparisons of polymer gas permeabilities are made difficult due to the differences in film history prior to measurement. For example, those films freshly treated with methanol demonstrate higher permeabilities but lower selectivities than films made from the same polymer that have been annealed in vacuum to remove casting solvent. Therefore, to assess the relative potential performance of polymers in the separation of a given gas pair, it is best to compare the distance of their data points relative to the relevant 2008 Robeson upper bound (Figure 4 ).
For example, to evaluate the molecular sieving properties of a polymer (i.e. diffusivity selectivity), its position relative to the upper bound for O 2 /N 2 is particularly informative due to the similar solubility of these gases in polymers and the small difference in size and mass. Similarly, the O 2 /N 2 data point for 4MTBDA-SBFDA lies closer to the upper bound relative to that from the recently reported methanol treated film of DMN-SBFDA, which also suggests that 4MTBDA provides enhanced performance over DMN. Similar trends are observed for the H 2 containing gas pairs (i.e. H 2 /N 2 and H 2 /CH 4 , Figure 4 ) both of which are important gas commercial gas separation application.
Pyromellitic dianhydride (PMDA), despite its low cost, is rarely used as a monomer for the preparation of PIs of interest for polymer membranes. This is presumably due to the insolubility of the PIs arising from the highly linear macromolecular structures obtained when combined with diamines commonly used to make high free volume PIs (e.g. DMN and 4MPDA). 21 However Tanaka et al. 22 reported the modest gas permeabilities of 3MPDA-PMDA from a thermally annealed film ( Figure 4 and Table 2 , entry 1). In contrast, the data from a methanol treated film of 4MTBDA-PMDA showed high permeability, particularly for the smallest hydrogen molecules and is consistent with the narrow pore size distribution centered at 0.5 nm obtained from CO 2 adsorption data ( Figure 3b ). The high permeability and good selectivity of 4MTBDA-PMDA places its data points over the 2008 upper bound for O 2 /N 2 , H 2 /N 2 and H 2 /CH 4 , joining a select few PIs to achieve this feat ( Figure 4 and Table   2 , entry 9 and 11). 7a, 14,12 This result illustrates the value of 4MTBDA as a component diamine for PIs with potential for gas separation but also confirms the recent suggestion 23 that PMDA is also a useful precursor if its diamine co-monomer possesses a suitably non-linear structure to induce solubility. PMDA provides rigidity, which is the key factor for enhancing selectivity in gas separations. 3 The combination of the rigid bridged bicyclic monomer 4MTBDA and PMDA gives a PI of excellent potential as a membrane material.
The gas permeabilities of all polymer films were measured after ageing for a period of at least 330 days (Table 2 and Fig. 4) . As is typical for glassy polymers, permeabilities were reduced but selectivities enhanced. so that the data for the aged and freshly methanol treated films lie at a similar distance from the Robson upper bounds. . Numbers correspond to previously reported polymers whose data are shown in Table   2 . 
CONCLUSIONS

